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spatial Lorentz filter (SLF) includes an input coupled to the
sensing element and an analog to digital converter (ADC)
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MAGNETIC VELOCITY AND POSITION
SENSORS

PRIORITY CLAIM

This application 1s a National Stage Entry, filed under 35
U.S.C. § 371, of International Patent Application No. PCT/
US2021/012811, filed Jul. 22, 2021, which claims the ben-
efit of U.S. Provisional Patent Application Ser. No. 62/960,
173, filed Jan. 13, 2020, U.S. Provisional Patent Application
Ser. No. 63/021,637, filed May 7, 2020, U.S. Provisional
Patent Application Ser. No. 63/094,161, filed Oct. 20, 2020,
and U.S. Provisional Patent Application Ser. No. 63/117,
612, filed Nov. 24, 2020, each of which is incorporated

herein by reference 1n 1ts entirety.

TECHNICAL FIELD

The subject matter described herein relates generally to
navigation sensors and to determining displacement and
position 1 a magnetic field.

BACKGROUND

Faraday (1831), Hall (1879) and Lorentz (1895), among

others, described electric effects of magnetic fields, e.g.
charge separation and current detlection, which can be

shown to be proportional to charge velocity 1n a magnetic
ficld. Although widely inferred from Einstein (1906) to be
impossible, the local measurement of velocity through the
geomagnetic field would have utility as an aid to navigation,
particularly in the absence of GPS.

SUMMARY

In light of this, we disclose Magnetic Velocity and Posi-
tion (MVP) sensors for local measurement of velocity with
respect to the geomagnetic field and, thereby, over ground
using the geomagnetic field as the frame of reference and
without requiring prior knowledge of that field.

A system includes at least one sensing unit, the sensing
unit including a sensing element. The sensing unit includes
at least one spatial Lorentz filter (SLF) coupled to the
sensing element. SLF includes a connection coupled to the
sensing element and an analog to digital converter (ADC)
providing a digital filtered via an output connector. SLF also
comprises a signal condition circuit providing at least one of
amplitude gain and frequency selection. The sensing unit 1s
connected to a processor configured for determiming velocity
or position with respect to a magnetic field and/or a geo-
graphic position by processing SLF output signals.

The computer processing elements described herein can
be implemented in software 1n combination with hardware
and/or firmware. For example, the subject matter described
herein can be implemented i1n software executed by a
processor. In one example implementation, the subject mat-
ter described herein may be implemented using a computer
readable medium having stored thereon computer execut-
able instructions that when executed by the processor of a
computer control the computer to perform steps. Example
computer readable media suitable for implementing the
subject matter described herein include non-transitory
devices, such as disk memory devices, chip memory
devices, programmable logic devices, and application spe-
cific integrated circuits. In addition, a computer readable
medium that implements the subject matter described herein
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2

may be located on a single device or computing platform or
may be distributed across multiple devices or computing
platforms.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a block diagram of a vehicle using a magnetic
velocity and/or position (MVP) sensor system to navigate;

FIG. 2 1s block diagram of an example system for
magnetic velocity and/or position measurement;

FIG. 3A 1s a block diagram of an example system for
magnetic sensing of velocity and/or position using the Hall
Eflect;

FIG. 3B i1s a diagram of the SLF providing digital output
signals to the processor;

FIG. 4 1s a block diagram of an example sensing unit for
the system;

FIG. 5 shows another example of a sensing unit;

FIG. 6 shows another example of a sensor including a
number of sensing units arranged for measuring velocity in
two or more dimensions;

FIG. 7 1s a block diagram of an example sensor system
configured for orienting a sensing unit with respect to a local
magnetic field;

FIG. 8 1s a block diagram of an example system config-

ured to detect GPS spoofing;
FIG. 9 1s a flow diagram of an example method.

DETAILED DESCRIPTION

This specification describes sensors that measure velocity
through the Earth’s magnetic field and, thereby, over ground.
A system using the sensor can determine current geographic
position by detecting, 1solating, and measuring velocity
signals induced by the Lorentz force acting on the sensor due
to motion through the field. The sensor has at least one
sensing unit incorporating a sensing element coupled to at
least one SLF the output of which 1s connected to a digital
processor. Signals from at least one sensing unit are pro-
cessed to determine a velocity vector of desirable dimen-
sion. The processor integrates velocity over time to deter-
mine changes in position, which 1s added to a prior position
to determine current position.

Examples of use of the system 1n addition to navigation
include mapping environmental parameters such as the
magnetic field, water currents or winds, air or water quality,
and dynamic electromagnetic signals such as sources of light
or radio signals.

FIG. 1 1s a block diagram of a vehicle 100 using a
magnetic velocity and/or position (IMVP) sensor system 102
to navigate. The vehicle 100 includes a gmidance and navi-
gation controller (GNC) 104 that can be used to track the
position of the vehicle 100 and, 1n some examples, to
autonomously or semi-autonomously control the vehicle
100. The GNC 104 can receive velocity and/or position
information from the system 102.

In some examples, the vehicle includes a global position-
ing system (GPS) system 106. The GNC 104 can use the
GPS system 106 to determine the position of the vehicle 100
and then use sensor 102 to track changes in the position of
the vehicle 100 over time. This can be useful, for example,
where the GPS system 106 is subject to spoofing. The
system 102 can continue to track the position of the vehicle
100 even though the GPS system 106 has failed. Comparing,
positions determined by system 102 and GPS 106, for
example by the GNC, can be used to detect spoofing
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The system 102 1s configured to measure velocity through
the Earth’s magnetic field. A charge moving through a
magnetic field experiences a Lorentz force which can dis-
place the charge 1n linear proportion to velocity. However, in
some conventional systems, local measurement of that
deflection and, thereby, velocity 1s impossible because of
adverse field effects.

The system 102 performs velocity measurement using
spatial Lorentz filters (SLF) to 1solate velocity indicative
signals induced by movement with respect to the Earth’s
magnetic field. Velocity 1s integrated over time to update a
previous measurement of position. In addition to supporting,
accurate navigation 1n the absence of GPS or other reference
signals, the present invention can also support mapping of
environmental parameters, e.g. field strength, signal sources
or topography.

FIG. 2 1s block diagram of an example magnetic velocity
and position (MVP) sensor system 102. The system 102
includes at least one sensing unit 120. The sensing unit 120
includes one or more sensing elements 122.

The sensing element 122 comprises at least one type of a
conductor and semiconductor. In some examples, the sens-
ing element 122 comprises one or more layered materials,
for example, Giant, Tunneling and Amsotropic Magneto-
Resistive materials (GMR, TMR, and AMR) or graphene. In
some cases, these materials can be more sensitive than a
homogenous semiconductor layer. The sensing element 122
can be formed 1n any appropriate shape, €.g., as a circular
disc, a slab, or deposit or filament.

The system 102 includes at least one SLF 124 coupled to
the sensing element 122. The SLF 124 includes a connection
126 (e.g., a pickup or other mput type) coupled to the
sensing element 122 (e.g., one pickup for each end of the
sensing element in the case where there 1s more than one
pickup). The connection 126 can be, e.g., a non-contact (e.g.,
eddy current pickup) type or a capacitor or a switch among
others. In some examples, the connection 126 1s made by
soldering or any other appropriate electrical connection.

The SLF 124 includes an analog to digital converter
(ADC) 128 providing a digital type filtered output signal.
ADC 128 receives an analog signal from the connection 126,
and may be 1s subject to adverse field eflects between the
connection 126 and the ADC 128. For this reason, SLF 1s
reduced in size and oriented to minimize such effects. ADC
128 then provides output signals of digital type not readily
corrupted by adverse field eflects acting on conductors
between SLF 124 and a system processor 130. The processor
130 1s any type that can determine velocity or position with
respect to a magnetic field and/or a geographic position by
processing the output signal from the ADC 128 velocity
being determined in one, two, or three dimensions and
position being determined with respect to the field or a prior
position or a geographic position. In some cases, an 1nitial
position input device 132 or an orientation sensor 134 1s
attached to the processor 130. Input device 132 can be any
type such as a GPS receiver, celestial, RF or visual trian-
gulation device or a keypad. Orientation device 134 can
comprise any type such as compass, heading, local field or
t1lt sensor.

FIG. 3A 1s a diagram of a sensing unit 304 comprising a
sensing element 122 formed of conducting or semiconduct-
ing or layered material for carrying a current 318 between a
first end 310 and a second end 308 of the sensing element
306. The sensing unit 304 comprises an SLF 312 of any type
that can detect a potential due to Lorentz force induced
deflection of a current 318.
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SLEF 312 1s connected between a first side 322 and a
second side 324 of the sensing element 306 and 1s preferably
oriented orthogonal to the sensing element 306 for mini-
mizing coupling of SLF 312 with the magnetic field. In some
cases, SLLF 312 1s orientable and can be re-oriented to
minimize coupling of the field to SLF. The connection of
SLEF 312 to the sensing element 306 preferably 1s mid-way
between first end 310 and second end 308, 1.e. where current
deflection 1s greatest. In some cases, SLF 312 comprises a
potential measuring type, such as a volt meter preferably
having a digital output or with a connection to an ADC.

FIG. 3B 1s a diagram of an SLF 350 comprising a
connecting input 352 and an output 354 between which 1s
connected an analog to digital converter ADC 358. SLF 350
1s of a size and/or orientation to the field that mimimizes
coupling of the field with SLF 350.

SLE 350 comprises a signal conditioner 356 connected
between the input 352 and the ADC 358. The signal con-
ditioner 356 can be of any type, e.g. frequency-selecting or
amplifying or both.

SLEF 350 can include a signal-to-noise reducer SNRr 362
¢.g. of amplitude attenuating or noise providing type con-
nected between the signal conditioner 356 and the ADC 358.
SLF 350 can include a dynamic range reducer DRr 364, ¢.g.
an averaging or decimation filter, connected between the
ADC 358 and the output 354. SNRr 362 and/or DRr 364 are
of adjustable type although this 1s not required. SLF 350
comprises an analog output 360 connectable to another
object, e.g. a voltmeter or the system processor.

FIG. 4 1s a block diagram of an example sensing unit 400
for the system 102. The sensing unit 400 includes a sensing
clement 402. The sensing element 402 1s made ol any
conducting or semiconducting material of any geometry,
¢.g., circular disc, slab, or filament. The sensing element 402
1s mounted 1n a fixed or rotatable orientation.

The sensing element 402 includes a first end 406 which
can 1nclude a switch 408. The sensing element 402 1ncludes
a second end 410 having a distance from f{first end 406
according a desirable end-end charge gradient, or potential
induced by a Lorentz force created by movement of the
sensing element with respect to the Earth’s magnetic field.
The element 402 functions as a capacitor, charge being
retained at the first and second ends 406 and 410 during
rotation by opening switch 408. The second end 410 can
include a ground connection of fixed or rotation-permitting
type, e.g. to permit the sensing element 402 to reorient
between a coupling orientation and a non-coupling orienta-
tion.

The sensing element 402 1s coupled to at least one SLF
404. The SLF 404 includes a pickup 412 coupled to a signal
conditioner 414. The output of the signal conditioner 414 1s
coupled to an ADC 416. The ADC 416 provides a filtered
output signal which 1s proportional to a velocity measure-
ment.

FIG. § 1s a diagram of another example of a sensing unit
500. The sensing unit 300 includes a sensing element 502
and two SLFs 510 and 514, one at each end of the sensing
clement 502. The first SLF 510 includes an input 508, which
can be of switchable type. Second SLF includes a second
iput 512 which can be of switchable type. Inputs 508, 512
can be of any charge retaiming type, such as a switchable
capacitor.

The SLFs 510, 514 can, in some cases, be reoriented with
respect to the magnetic field, either separately or together
with a re-orientable sensing element 502. The spatial extent
and/or the orientation of SLFs 510 and 514 are selected to
minimize exposure to a Lorentz force, 1.e. by shrinking and
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ortenting in the direction of travel. The first SLF 504 1is
clectrically isolated from second SLF 506, e¢.g. by being
connected to a separate ground or other ground loop avoid-
ance. It will be understood by those versed 1n the art that a
re-orientable sensing element 502 comprises an enhance-
ment of the rotating disk sensor described 1n U.S. Pat. No.
9,243,913, which 1s hereby incorporated by reference 1n 1its
entirety.

FIG. 6 shows an example system 600 including a plurality
of non-parallel sensing units 602, 604, 606, 608 in an array
configuration that can provide to the processor a plurality of
signals for co-processing to provide enhanced determina-
tions of velocity and/or position. In some cases, the array
includes supernumerary sensing units for enhanced resolv-
ing of velocity components.

FIG. 7 1s a block diagram of an example system 700 that
has a magnetometer 706 and/or a tilt sensor 708 connected
to a processor 704 to indicate orientation of at least one
sensing unit 702 with respect to the magnetic field and/or to
the surface of the Earth for normalizing velocity with respect

to the local magnetic field by any methods, for example Eq.
1

V. _=kE/B Eq. 1

where V_ 1s field-normalized velocity, k 1s a constant, E 1s
amplitude of an SLF output signal and B 1s a concurrent
measure of the local magnetic field. Velocity 1s normalized
for tilt of the sensor relative to gravity by any method such
as by Eq. 2;

V.=V Cos 0 Eq. 2

where 0 1s sensing element orientation to the Earth’s surface.
Velocity over ground can be calculated by normalizing SLF
output signal for both the local field and the sensor tilt. It will
be appreciated by those versed in the art that normalizing
can be conducted by a processor 704, or an external device
such as a GNC system.

The system 700 can include a gimbal configured to orient
the sensor 702, e.g., based on feedback from the magne-
tometer 706 and/or tilt sensor 708, for orienting sensor 702
with respect to the field. The processor 704 1s any type that
can determine a current orientation, a desirable orientation
and an orientation difference. The processor 704 1s any type
that can adjust velocity to compensate for orientation dif-
ference.

The processor 704 1s any type that can integrate velocity
over time to determine a change in position and/or to
combine change 1n position with a prior position, such as
one stored 1n memory, to determine a current position.

FIG. 8 1s a block diagram of an example system 800
configured to detect GPS spoofing. The system 800 com-
prises at least one sensing unit 810 connected to a system
processor 802 by a first processor mput 808 and a GPS
receiver 806 connected to processor 802 by a second pro-
cessor mput 804. The processor 802 can be connected to an
external device 816, e.g. a GNC.

The processor 802 1s any type that can compare to a
threshold the difference between a geographic position pro-
vided by sensing unit 810 and a GPS position provided by
GSP recerver 806, and 1ssuing an alarm when this difference
exceeds a threshold. Those versed 1n the art will appreciate
a position provided by a GPS receiver 806 can be used to
provide an initial geographic position or to adjust current
position for accumulated sensor error. GPS recerver 806 can
include an anti-jamming antenna 812 to provide enhanced
reception.
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6

The sensing unit 810 and/or the GPS receiver 806 can be
connected directly to the external device 816 such as a GNC,
as indicated by the dotted connection lines. External device
816 1s any type that can compare position determinations to
detect GPS spoofing.

FIG. 9 1s a flow diagram of an example method 900 for
navigating with respect to the Earth’s magnetic field or
Earth’s geography.

The method 900 includes forming at least one sensing
clement signal by carrying an MVP sensor 1n a magnetic
field (902), moditying sensing element signals using at least
one SLF to provide a digital type SLF output signal (904),
providing the output signals to the system processor (906),
processing the output signals to determine velocity (908),
determining change in position by integrating velocity to
determine a change 1n position (910), determining a current
position by adding change in position to a prior position
(912).

Moditying by the SLF comprises converting sensing
clement signals to digital type. In some cases, modilying
signals includes signal conditioning sensing element signals
betfore converting them to digital form. Conditionming
includes at least one of amplifying and frequency selecting.
Providing output signals to the processor 1s providing by
clectrical or optical conductors.

Determining velocity can comprises normalizing SLF
output signals for local magnetic field strength and/or sens-
ing element tilt. Normalizing velocity comprises dividing
said SLF output signal by a concurrently detected magnetic
field signal. Normalizing for sensing tilt comprising adjust-
ing velocity signal strength to determine velocity over
ground. Processing comprises combining a plurality of SLF
output signals or plurality of normalized velocity signals to
form a velocity vector. Determining velocity and/or position
1s conducted with respect to at least one of magnetic field
and geographic position.

Processing comprises determining and adjusting for ori-
entation of a sensing unit with respect to the local magnetic
field for improving sensing element sensor magnitude. Con-
trolling can be conducted by computation or by orienting the
sensing unit using passive and/or active gimbal. An 1llus-
trative passive gimbal 1s weighted to maintain orientation
with respect to gravity. One type of active gimbal 1s servo-
controlled wherein signals from the magnetometer and/or tilt
sensor are provided to the servo rotating the gimbal to orient
the sensing unit 1n a desired direction by feedback method
maximizing strength of at least one sensing element signal
or by feed-forward method calculating and making an open
loop adjustment calculated from the magnetometer and/or
t1lt signals.

Determining position can include comparing geographic
position with GPS provided position. Comparing comprises
determining difference in position between geographic posi-
tion and GPS position. Comparing can further comprise
1ssuing an alarm when this difference exceeds a threshold. In
some cases, a GPS position, or position determined by other
methods, e.g. RF, celestial or visual triangulation, can be
used to compensate for MVP sensor driit.

Determining current position can include comparing cur-
rent position to a desired position and adjusting navigation
to steer a vehicle with respect to desired destination and/or
navigation track.

The scope of the present disclosure includes any feature
or combination of features disclosed in this specification
(either explicitly or mmplicitly), or any generalization of
teatures disclosed, whether or not such features or general-
1zations mitigate any or all of the problems described 1n this
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specification. Accordingly, new claims may be formulated
during prosecution of this application (or an application
claiming priority to this application) to any such combina-
tion of features.

In particular, with reference to the appended claims,
teatures from dependent claims may be combined with those
of the independent claims and features from respective
independent claims may be combined 1n any appropriate
manner and not merely in the specific combinations enu-
merated 1n the appended claims.

For the purposes of the present disclosure, a current
source 1s any type such as the plus terminal of a battery and
a current sink 1s any type such as the negative terminal of the
battery. For the purposes of the present disclosure velocity
1s intended to encompass unprocessed velocity signals nor-
malized velocity and velocity over ground. Unprocessed
velocity signals 1s mtended to encompass sensing element
signals and SLF output signals.

What 1s claimed 1s:

1. A system comprising;:

at least one sensing unit comprising a sensing element and

at least one spatial Lorentz filter (SLF) coupled to the
sensing element, the at least one SLF comprising an
mput and an output, wherein an analog to digital
converter (ADC) 1s connected between the mput and
the output for providing a digital output signal; and

wherein the at least one sensing umit 1s connected to a

processor configured for determining a velocity or a
position with respect to a magnetic field and/or a
geographic position by processing the digital output
signal, wherein the processor 1s configured to process
the digital output signal by normalizing the digital
output signal using a value for a strength of the mag-
netic field.

2. The system of claim 1, wherein the at least one sensing,
unit 1s of a current-deflection sensing type, wherein the
sensing element 1s connected at a first end to a current source
and at a second end to a current sink, wherein the at least one
SLF 1s connected between a {irst side and a second side of
the sensing element for detecting a cross-element potential
proportional to a velocity dependent Lorentz force due to
coupling of the magnetic field with the sensing element.

3. The system of claim 1, wherein a potential 1s induced
between a first end and a second end of the sensing element
by a Lorentz force, wherein the first end 1s connected to the
at least one SLF and the second end 1s connected to a
ground.

4. The system of claim 3, further comprising at least one
charge retaining switch coupled to the sensing element at the
first end and/or the second end.

5. The system of claim 3, wherein the at least one SLF
includes a first SLF and a second SLF, wherein the second
end of the first SLF 1s connected to the second SLF.

6. The system of claim 1, wherein the at least one SLF
comprises a signal conditioner connected between the mput
and the ADC, wherein the signal conditioner comprises a
frequency-selector and/or an amplifier.

7. The system of claim 1, wherein an orientation and/or a
spatial extent 1s selected to reduce coupling of the at least
one SLF with the magnetic field.

8. The system of claim 1, wherein the at least one SLF
includes at least two SLFs, wherein each of the at least two
SLFs 1s electrically grounded.

9. The system of claim 1, wherein the sensing element 1s
formed of a conductor material or a semiconductor material.

10

15

20

25

30

35

40

45

50

55

60

8

10. The system of claim 1, wherein the sensing element
comprises a disc, a slab, a deposited layer, or a filament
geometry.
11. The system of claim 1, comprising a plurality of
non-parallel sensing units comprising an array for measuring
the velocity 1n more than one direction.
12. The system of claim 1, further comprising a magne-
tometer and/or a t1lt sensor connected to the processor and
configured for determining and/or compensating for orien-
tation of the system to Earth’s magnetic field and/or to
Earth’s surface.
13. The system of claim 1, further comprising a gimbal
configured to adjust an orientation of the at least one sensing
unit, wherein the gimbal 1s passive or active.
14. The system of claim 1, further comprising a position
tracking system configured for integrating a measurement of
the velocity over time to determine a change 1n position and
updating a previously recorded position with the change in
position to determine a current position.
15. The system of claim 1, further comprising a Global
Positioning System (GPS) receiver connected to the proces-
sor for detecting GPS spoofing by comparing the position
determined by the processor and a GPS position determined
by the GPS receiver.
16. The system of claim 1, wherein the value for the
strength of the magnetic field includes a concurrent measure
of the Earth’s magnetic field.
17. A method comprising:
detecting a sensing element signal induced by a spatial
Lorentz force with at least sensing unit, wherein the at
least one sensing unit comprises a sensing element and
at least one spatial Lorentz filter (SLF) coupled to the
sensing element, wherein the at least one SLF com-
prises an mput and an output, wherein an analog to
digital converter (ADC) 1s connected between the input
and the output;
providing the sensing element signal to the at least one
SLF;

moditying the sensing element signal by digital conver-
ston to a digital SLF output signal using the ADC; and

providing the digital SLF output signal to a processor
configured to process the digital SLF output signal to
determine a velocity or a position with respect to a
magnetic field and/or a geographic position, wherein
processing the digital SLF output signal comprises
normalizing the digital SLF output signal using a value
for a strength of the magnetic field.

18. The method of claam 17, wherein modifying the
sensing element signal comprises signal conditioning prior
to the digital conversion.

19. The method of claim 17, wherein the value for a
strength of the magnetic field includes a concurrent measure
of the Earth’s magnetic field.

20. The method of claim 19, wherein the normalized
velocity signal 1s further normalized for sensor tilt with
respect to a direction of gravity.

21. The method of claim 19, wherein the position 1s
determined by integrating the normalized velocity signal
over time to determine a change 1n position and adding the
change in position to an mitial position to determine an
updated position.

22. The method of claim 17, wherein the digital conver-
sion 1s preceded by signal conditioning comprising ampli-
tying and/or frequency selecting.
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